Abstract-Unlike the conventional scintillator coupled x-ray detectors, photon-counting-detectors have only photon noises. Therefore, it is believed to be play great roles in developing lowdose x-ray CTs. Photon-counting-detectors can discriminate the x-ray photon energy which can be greatly used for spectral CTs. Micro-CTs are now widely used for biomedical research using a small animal model and it makes possible to observe the physiological and pathological changes by taking high resolution 3D images without sacrificing it. In this study, we developed a micro-CT using a micro-focus x-ray tube and a photon-countingdetector to evaluate the use of the photon-counting-detector in a spectral CT or a low-dose CT. To compare the performance of the photon-counting-detector we also use a CMOS flat-paneldetector for the micro-CT imaging. Using the two types of microCTs, we took CT images of a phantom and compare system performances. The CT images taken by the photon-countingdetector had more severe ring artifacts and poor SNR but it has superior spatial resolution and higher contrast than CMOS flatpanel-detector. Although the photon-counting-detector is more susceptible to ring artifacts, we think the photon-countingdetector is worth further study for its application to the spectral-CT and low-dose CT.
I. INTRODUCTION
The conventional charge integration type CMOS flat-paneldetector have technical advances but there are no photon energy resolution and since the acquired images have electronic and photon noises it have limitations in low dose or spectral CT.
Owing to the development of semiconductor technologies, the photon-counting detector can miniaturize and by adding threshold circuit it have resolution with respect to x-ray photon energy. Furthermore, the acquired signal is only have photon noise, the photon-counting-detector hoped playing a great role in development of low dose or spectral CT.
Micro-CTs are now widely used for biomedical research using a small animal model. Micro-CTs make it possible to observe the physiological and pathological changes by taking high resolution 3D images of the animal without sacrificing it [1] . In this study, we developed a micro-CT using a microfocus x-ray tube and a photon-counting-detector to evaluate the use of the photon-counting-detector in a spectral CT or a low-dose CT. The photon-counting-detector (XRI-UNO, XRay Imatek S.L., Spain) has 256×256 photon-countingdetector elements with the pixel pitch of 55 m under the Si photoconductor. The detection area is 14.1×14.1mm 2 and it has a single bit energy discriminating logic with variable energy threshold. The x-ray detector has the frame rate as high as 500 fps. The micro-focus x-ray tube (Series 5000, oxford Department of Biomedical Engineering, Kyung Hee University, Korea instruments, U.S.A) is a sealed tube with a fixed molybdenum anode having an angle of 23 o with the electron beam and a 127m thick beryllium exit window. The x-ray source has a focal spot size 121.5, 79.7 m in x and y axis. A precision rotation stage was placed between the x-ray source and the detector for the cone-beam CT scan. To compare the performance of the photon-counting-detector to the conventional x-ray detector, we also use a CMOS flat-paneldetector (C7942, Hamammatsu, Japan) for the micro-CT imaging. The flat-panel-detector consists of 2240×2240 active matrix of transistors and photodiodes with a pixel pitch of 50 m under a CsI:Tl scintillator
II. METHOD
The CT system performances affect from various system parameters such as focal spot size, x-ray exposing time, distance from focal spot to imaging plane, magnification ratio, detector pixel pitch and detector window open time. The image SNR is affect from focal spot to detector distance, tube currents, exposing time, detector pixel size, detector integration time and voxel size, and the spatial resolution is affect from magnification ratio, penumbra width which originated from focal spot size, detector pixel pitch and voxel size. In this study we control all of system parameters except detector for the performance differences originated from detector and we have measure SNR, contrast and MTF.
The x-ray spectra can measure with photon-countingdetector. Our photon-counting-detector have single photon energy threshold, therefore we have to adjust energy threshold many times to acquire x-ray spectra. We adjust energy threshold form 10 to 50keV.
A. Measurement of magnification ratio
The penumbra width is inverse proportional to the magnification ratio of system and it affect to spatial resolution of system [2] . Therefore in comparison of spatial resolution the precise measurement of system magnification ratio is very important.
The system magnification ratio can calculated from projection images of metal plate with known width which w before and after adjust position on the line connected from focal spot to detector [3] .
The distance from focal spot to original position of metal plate h 1 , can calculated as follows (1): 
where H is the distance from focal spot to imaging plane of detector.
If we substitute h 1 calculated from (1) to (2) we can calculate H. 
B. Flat field correction
Since the crystal and process of semiconductor is not uniform at every position, the detector gain is not uniform. Therefore we have to correct these non-uniform detector gains and it is called as flat field correction [4] .
The flat field correction equation for CMOS flat-paneldetector can express as follows (3):
where C(x,y), W(x,y),O(x,y), I(x,y )is corrected, white field, offset, projection data in (x,y) coordinates.
Unlike conventional CMOS flat-panel-detector the photon counting detector have no offset and the number of count is also important information the count scale have to restored and it can restored by multiply mean count to the corrected results as follows (4):
where W m is the mean count of white field. Since our purpose is compare photon-counting-detector and CMOS flat-panel-detector we need not count scale and the equation (4) can modified as follows (5):
C. Performance phantom
The magnification ratio of developed system is 1.32, and the field of view is calculated as 10.65mm in diameter. Therefore the diameter of performance phantom is also designed smaller than field of view.
We use water, contrast and MTF phantom to measure SNR, contrast and MTF. The water phantom is made by water filled plastic pipe and the contrast phantom is made by acryl bar and water filled plastic pipe and the MTF phantom is fix 20 m of gold wire to the center of acryl cylinder and those phantom is shown in figure 2. 
D. Experimental setup
Using the two types of micro-CTs, one equipped with a photon-counting-detector and the other equipped with a CMOS flat-panel-detector, we took CT images of performance phantoms. For the photon-counting-detector, we set the energy threshold as 5kVp. The counting time of the photon-counting-detector and the integrating time of the CMOS flat-panel-detector were 1s. The x-ray tube voltage was 50 kVp and tube current were 0.12 mA for photoncounting-detector and CMOS flat-panel-detector, respectively. The number of projection images were 360 over 360 degrees for all experiment and the CT image were reconstructed with FDK algorithm [5] .
III. RESULTS
The magnification ratio of both micro-CT system have measured and the distance from focal spot to iso-center and detector imaging plane have adjusted to identical in both system and it is 280.72mm and 371.14mm respectively.
A. SNR measurement
The reconstructed CT images of water phantom are shown in figure 3 . The SNR were measured from same ROI of reconstructed images and 7.45, 25.0 for photon-countingdetector and CMOS flat-panel-detector respectively. The SNR of CMOS flat-panel-detector is 3.4 times higher than photoncounting-detector.
B. Contrast measurement
The reconstructed CT images of contrast phantom are shown in figure 4 . The contrasts were measured from same ROI of reconstructed images of water and acryl and it is 0.25, 0.19 for photon-counting-detector and CMOS flat-paneldetector respectively. The contrast of photon-countingdetector is 1.3 times higher than CMOS flat-panel-detector. 
C. MTF measurement
The MTF curve of both systems is shown in figure 5 . Unlike theoretical estimation the MTF curve from photoncounting-detector shows higher spatial resolution than CMOS flat-panel-detector and when we measure spatial frequency at 0.5 MTF lines it is 6.9 and 2.8 cycle/mm for photon-countingdetector and CMOS flat-panel-detector respectively and it is 2.46 times higher than CMOS flat-panel-detector. 
D. X-ray spectra measurement
The x-ray spectra have measured with photon-countingdetector while adjust energy threshold from 10 to 50 keV and the measured results shown in figure 6 . Figure 6 (a) shows mean counts at given energy threshold and it follows literature. Figure 6 (b) is differential of figure (a) and it shows x-ray spectra of molybdenum. For comparison we simulate molybdenum spectra with Boone's result, and it is shown in figure 6 (c) [6] . The scale and shape of spectra from photoncounting-detector is not matched well but the measured result shows characteristic radiation of molybdenum at 15-20keV ranges.
IV. CONCLUSION
The experiments have performed with same magnification ratio and distance from focal spot to detector imaging plane for same penumbra width and photon flux in both detector.
The MTF curve from photon-counting-detector shows superior spatial resolution than CMOS flat-panel-detector and we estimated that there were aliasing and it results non-zero crossing in MTF curve. On the other hand the MTF curve from CMOS flat-panel-detector shows much lower value than theoretical estimation and we estimated it is originated from blurring effect in scintillation layer and the blurring effect works as anti-aliasing filter.
The SNR from CMOS flat-panel-detector is 3.6 times higher than photon-counting-detector and one of reason is blurring effect in scintillation layer since it suppress high frequency components and noise in image.
The spectral measurement of photon-counting-detector have performed and it follows literature and simulation result.
Although the photon-counting-detector is more susceptible to ring artifacts, we think the photon-counting-detector is worth further study for its application to the spectral or lowdose CT. 
